The diversity and density of methanogenic archaea and methane production were investigated ex situ at different growth stages of rice plant cultivated in compost-treated tropical rice fields. The qPCR analysis revealed variation in methanogens population from 3.40 9 10 6 to 1.11 9 10 7 copies g À1 dws, in the year 2009 and 4.37 9 10 6 to 1.36 9 10 7 copies g À1 dws in the year 2010. Apart from methanogens, a large number of bacterial (9.60 9 10 9 -1.44 9 10 10 copies g À1 dws) and archaeal (7.13 9 10 7 -3.02 9 10 8 copies g À1 dws) communities were also associated with methanogenesis. Methanogen population size varied in the order: flowering > ripening > tillering > postharvest > preplantation stage. The RFLP-based 16S rRNA gene-targeted phylogenetic analysis showed that clones were closely related to diverse group of methanogens comprising members of Methanomicrobiaceae, Methanosarcinaceae, Methanosaetaceae and RC I. Laboratory incubation studies revealed higher amount of cumulative CH 4 at the flowering stage. The integration of methanogenic community structure and CH 4 production potential of soil resulted in a better understanding of the dynamics of CH 4 production in organically treated ricefield soil. The hypothesis that the stages of plant development influence the methanogenic community structure leading to temporal variation in the CH 4 production has been successfully tested.
Introduction
The significant increase in the atmospheric level of methane (CH 4 ), over the past two centuries is primarily because of increasing anthropogenic emissions, which are currently around 1.5-2.5 times the natural emissions (Forster et al., 2007) . The flooded rice fields are the major anthropogenic sources owing to the prevailing anaerobic conditions. Several factors are known to influence CH 4 emissions from rice fields. Field and laboratory studies have indicated the influence of soil types (Yao et al., 1999; Conrad et al., 2008) , application of chemical fertilizers (Hou et al., 2000; Kruger & Frenzel, 2003; Liou et al., 2003) , and cultivars (Liou et al., 2003; Jia et al., 2006) on the dynamics of CH 4 production in rice-field ecosystems. Environmental concerns and need for the sustainability of agricultural production have shifted the focus to organic agriculture, which enhances the fertility of agro-ecosystem and promotes soil biodiversity and biological activity (FAO/WHO; FAO, 1999) . In India, about 528 171 hectares (0.3% of the total agricultural land) are under organic farming (Ramesh et al., 2010) . It is expected that there will be substantial expansion in organic farming-based rice cultivation in the near future. Thus, study and analysis of the dynamics of methanogenic community have become imperative for the assessment of CH 4 production from such rice fields.
In spite of increasing emphasis on organic farming, only a limited number of studies focusing on various parameters affecting methane production in compost-treated rice fields are available in the open literature. A summary of the reported published information on methane production in compost-treated soil of rice fields together with other relevant factors is presented in Table 1 . It is seen that only Lu et al. (2000) , Kumarswamy et al. (2001) , Peng et al. (2008) and Supparattanapan et al. (2009) have used soil from tropical rice fields, rest all have used soil from cold or temperate region rice fields. Methane production has been studied by all except Weber et al. (2001) , Sugano et al. (2005) , and Watanabe et al. (2010) . Microbial population size has been studied only by Hou et al. (2000) , Kumarswamy et al. (2001) and Conrad & Klose (2006) . The available information on the methanogenic population size and community structure during various stages of rice cultivation is also limited, although the presence of methanogenic community related to Methanomicrobiaceae, Methanosarcinaceae, Methanosaetaceae, Methanobacteriaceae and Rice Cluster I (RC I) has been observed by Weber et al. (2001) , Sugano et al. (2005) , Conrad & Klose (2006) , Peng et al. (2008) and Watanabe et al. (2010) . Except the work of Peng et al. (2008) , all other studies are limited to rice fields of cold and temperate climates. Therefore, analysis of density and diversity of methanogenic community and their relation with CH 4 production in tropical rice fields, particularly of the Indian sub-continent, is of utmost importance, to bridge the knowledge gap.
Earlier studies have shown that there is considerable variation in CH 4 flux in relation to plant age (Wang & Adachi, 2000; Jia et al., 2006) . As quality and quantity of exudates released from root vary during crop growth, there is a possibility of subsequent change in methanogenic community structure in relation to plant age. In addition, it is also known that a strong plant-microbe interaction is sustained in soil at the cost of mutual benefit. Once the interaction gets disturbed because of crop harvest, one can expect alteration in the community structure owing to the absence of crop and flooding condition in the field. Therefore, a correlation between methanogenic population density and diversity with methane production potential of soils throughout the entire cropping period would be helpful in understanding the microbial ecology of CH 4 production in rice field. Further, a clear understanding of the role of methanogenic community in modulating the CH 4 production is essential for developing process-based models for CH 4 flux from rice ecosystems as well as for elucidating the linkage among phenology, plant activity and soil microbial community dynamics.
Our previous study has demonstrated the temporal change in methanogenic diversity and CH 4 production potential of soil during crop cultivation in a nitrogen fertilizer-amended rice field (Singh & Dubey, 2012) . The present study examines the methane production potential of soil, assesses the diversity of methanogenic community and enumerates the population size of methanogens along with bacteria and archaea, at different stages of compost-treated rice cultivation including preplantation and postharvest stages. The rate of CH 4 production has been quantified using an appropriate kinetic model.
Materials and methods

Experimental site and soil sampling
The soil was sampled during the cropping seasons of years 2009 and 2010 from the field located at Surbhi Sodh Sansthan, Dagmagpur, Mirzapur district of Eastern UP, India (82°40′30″E, 25°6′30″N) where organic farming is being practiced for the past 11 years. This soil is Alfisol type having sand 34%, silt 64% and clay 5%, pH 6.8, and soil organic carbon 0.8%. The region is classified as Vindhyan foot-hill in the Indo-Gangetic plane, and the climate is relatively dry owing to deficit rain which is normally 1100 mm annually. The annual precipitation during the period of study was 502 and 670 mm, respectively. Most of the rainfall is confined during June to September in the monsoon season. The minimum temperature varies from 8°C in January to 29°C in June, and the maximum ranges between 28 and 42°C, respectively. The cropping sequence of rice-wheat-rice is being practiced at the site since long. The experimental site has been initially a water-eroded area which has been brought under agricultural practice based on organic farming concept since 2000. Manure is applied during summer at the rate of 15 tons ha
À1
. Manure is prepared from cow dung and crop residues using NADEP technique developed by Nana Deshmukh Pandharipande of Maharashtra (India) for preparing compost. This is a popular method for the formation of compost (organic fertilizer) in India (Chandra et al., 2007) . The ripe manure is dispersed manually by fieldworkers and then homogeneously mixed by ploughing up to 15 cm depth to incorporate it in the entire plough layer. No further nutrient application is made except amendments of diluted cow urine (1 : 50) at an interval of 40 days as a supplement of nutrients during crop growth which provides mainly nitrogen. The irrigation was carried out as and when required. Soil samples in triplicate from the rhizosphere were collected at different stages of rice crop cultivation such as preplantation, tillering, flowering, ripening and postharvest using method described in Dubey & Singh (2000) . Soil samples were brought to laboratory and kept at À20 and 4°C for molecular and soil analyses, respectively. 
Soil physicochemical and plant biomass analyses
The physicochemical properties of soil such as texture, WHC, organic C, total-N, NH þ 4 -N (American Public Health Association, 1985) and biomass of rice plants (root and shoot dry weight; Dubey & Singh, 2000) were determined as per the standard methods.
Methane production
To monitor methane production, anoxic sterile water was added to 50 g of soil in 250-mL flasks to provide a 10-mm standing water layer above the soil surface. The flasks were sealed with a butyl rubber stopper having specially designed openings, two for N 2 flushing and the third one with a rubber septum for gas sampling. Before incubation, the headspace was purged with O 2 free N 2 gas for 3 min with constant shaking of flasks to ensure anaerobic environment. The flasks (in triplicate) were dark-incubated statically at 30°C for 20 days. Methane in the headspace was measured using gas chromatograph (GC Varian 3800, The Netherlands) equipped with a Flame Ionization Detector and a Porapack Q Column (3 m). The column, injector and detector temperatures were maintained at 80, 70 and 200°C, respectively. The carrier gas (N 2 ) flow rate was set at 30 mL min
À1
. Sampling of 1 mL of gas out of the headspace was performed after vigorous shaking of the flask to allow equilibrium between the liquid and gas phases. Methane production potential of each soil sample was calculated from the CH 4 concentration in the head space measured at intervals of 0, 60, 120, 180, 240, 300, 360, 420 and 480 h. The methane production volumes thus measured at different time intervals for different stages of plant growth were used to evaluate the kinetic constants for methane production.
DNA extraction and quantification
Total genomic DNA was extracted from the rhizospheric soil samples (0.5 g) by Fast DNA ® Spin soil kit (M P Biomedicals, LLC, Solon, OH) using a bead beater (Fast DNA prep; M P Bio) for lysis of cells as per the manufacturer's protocol in triplicate, and the DNA was finally pooled. The DNA concentration was measured using a Nanodrop spectrophotometer (ND 1000).
PCR amplification, cloning, RFLP analysis, sequencing and assignment of clones into OTUs
The sets of primers used for PCR amplification of 16S rRNA gene of methanogens were 0357F (5′-CCCTA CGGGGCGCAGCAG-3′) and 0691R (5′-GGATTACARG ATTTCAC-3′) as described by Watanabe et al. (2004) . The reaction mixture contained 2.5 lL of 109 buffer (Fermentas, UK), 100 lM each of dNTPs (Fermentas, UK), 0.5 lM each of primer (Sigma Aldrich) and 1 U Taq DNA polymerase (New England Biolabs, Beverly, MA). Amplification was performed in a total volume of 25 lL in 0.2-mL reaction tubes using DNA thermal cycler (My Cycler TM Thermal Cycler; Bio Rad Laboratories, Inc., Australia) as per the protocol given by Watanabe et al. (2004) . PCR-generated products were used for cloning (Vishwakarma et al., 2010) . Positive insert containing amplified PCR product of each single clone (10 lL) was digested in the PCR buffer with 1 U of AluI and HaeIII (New England Biolabs, Beverly, MA; Wright & Pimm, 2003) each and kept overnight under incubation at 37°C. Digested products were analysed through electrophoresis (3% agarose gel).
The clones thus obtained were distributed into operational taxonomic units (OTUs) on the basis of distinct RFLP patterns. The restriction patterns thus obtained were used for generating zero-one matrix and dendrogram using NTSYS software (Version 2.2Windows© 2002; Applied Biostatistic Inc., Australia). At least one representative clone or two clones from each group were sequenced. Using more than one restriction enzyme for grouping of OTUs reduces the chances of similar restriction pattern by two different sequences. According to Wright & Pimm (2003) , these enzymes give the best result based on the number of cleavage sites and the distance between fragments length differentiate the methanogens from each other. On this basis, one or two clones from a group are good enough for the analysis of community structure. Close relatives and phylogenetic affiliations of the sequences were determined using the BLAST search program available at the National Centre for Biotechnological Information (NCBI) website. A phylogenetic tree was constructed by 1000-fold bootstrap analysis using the neighbour-joining method, ClustalW program and NJ plot software (Higgins et al., 1994) .
Real-time quantitative PCR (qPCR)
Population of methanogens, archaea and bacteria were quantified using specific primer pairs as given in Table 2 . Real-time quantitative PCR (qPCR) was performed using Applied Biosystems 7500 Fast Real-Time PCR system containing 96-well plate (ABI 7500). Each 20 lL of the reaction mixture contained: 10 lL SYBR-Green I Mastermix of Fermentas (109), 1 lL of each primer (10 lM), 2 lL of each DNA template and then maintained by Milli Q. Thermal cycling conditions for methanogens, archaea and bacteria comprised initial denaturation at 95°C for 10 min followed by 45 cycles of denaturation at 95°C for 15 s (Luton et al., 2002; Fierer et al., 2005; Yu et al., 2005) . Final extension was performed at 72°C for 2 min in all cases. At the end of the run, melt-curve analysis followed by gel electrophoresis was performed to discriminate between specific amplicons and unspecific SYBR -Green signals (primer dimers). Standard curve was generated by linear regression obtained between threshold cycle (C t ) and copy number of target gene with R 2 values of 0.987, 0.998 and 0.997, for bacteria, archaea and methanogens, respectively, and used for the estimation of gene abundance in unknown DNA samples.
Statistical analyses
Data were subjected to multivariate analysis of variance (MANOVA) to determine the effect of year and sampling stage on the tested parameters. Tukey's HSD test (at P < 0.05) was applied for estimating the differences in mean values. Regression analysis was used to determine the relationship of methanogenic population with NH þ 4 -N and CH 4 production potential of soils. All such analyses were performed using a SPSS 16.0 statistical package. Table 3 lists the observed variation of NH Table 4 ). The HSD test suggested that NH The shoot and root biomass varied, respectively, from 10.20 to 21.80 and 1.00 to 2.10 g per plant in 2009 and from 11.57 to 22.50 and 1.10 to 2.40 g per plant in 2010 (Table 3) . MANOVA indicated significant differences in root and shoot biomass values for various cultivation stages (Table 4 ). Tukey's HSD test indicated that values of shoot biomass varied significantly across the vegetation stage, while for the root biomass, significant differences were observed between tillering and flowering stages. Microbial population size and 2010. It is seen that the average numbers of bacteria, archaea and methanogens varied from 9.60 9 10 9 to 1.39 9 10 10 , 7.13 9 10 7 to 2.44 9 10 8 and 3.40 9 10 6 to 1.11 9 10 7 copies g À1 dws, respectively in the year 2009, whereas during 2010, these varied from 1.02 9 10 10 to 1.44 9 10 10 , 7.94 9 10 7 to 3.02 9 10 8 and 4.37 9 10 6 to 1.36 9 10 7 copies g À1 dws, respectively.
Results
MANOVA indicated that the variation in population size with year and sampling stage was significant for archaea and methanogens. Variation in bacterial population was significant owing to sampling stages and in-significant during the years (Table 4) . According to Tukey's HSD test, flowering stage showed significant variation with all other stages for bacterial population. Archaeal population varied significantly in all other sampling stages except between preplantation and postharvest, and between tillering and ripening stages. The methanogenic population size varied significantly between different stages except preplantation and postharvest, and between tillering and ripening stages.
Diversity of methanogens
One hundred white colonies were recovered for the construction of clone libraries from each stage sample. Of these, two hundred and forty clones with M13-positive inserts (48 clones from each stage) were screened for RFLP. The RFLP analysis revealed 37 unique OTUs: five (MG6, MG7, MG8, MG9 and MO3), nine (MT1, MT2, MT3, MT4, MT6, MO1, MO2, MO4 and MO5), eleven (S1, S2, S3, S4, S5, S7, S8, S9, S10, MG3 and MT5), seven (U1, U2, U3, U4, U5, U6 and S6) and five (MG1, MG2, MG4, MG5 and MT7) for preplantation, tillering, flowering, ripening and postharvest stage, respectively.
Phylogenetic tree shows that total observed clones show resemblance with six groups of Euryarchaeota: Methanosarcinaceae, Methanosaetaceae, Methanomicrobiaceae, Thermoplasmatales, RC I and III, and one group of Crenarchaeota, that is, RC IV (Fig. 2) . Phylogenetic analysis indicates that clones obtained from preplantation, tillering, flowering, ripening and postharvest stage soil samples show close genetic resemblance with two (Methanomicrobiaceae, RC I or Methanocellales), three (Methanomicrobiaceae, Methanosarcinaceae, RC I), four (Methanosarcinaceae, Methanosaetaceae, Methanomicrobiaceae, RC I), four (Methanosarcinaceae, Methanosaetaceae, Methanomicrobiaceae, RC I) and three (Methanomicrobiaceae, Methanosarcinaceae, RC I) groups of methanogens, respectively (Fig. 2) .
The highest number of methanogenic groups belongs to the flowering and ripening stages while the lowest to the preplantation stage. The methanogenic groups were found to be distributed among various sampling stages with different relative abundance (Fig. 3) . The clones resembling with RC I and Methanomicrobiaceae were detected in each stage. Methanosaetaceae-related clones were specifically found in samples of flowering and ripening stages, while clones closest to Methanosarcinaceae were found in all sampling stages except in preplantation stage sample. On the basis of substrate level, both hydrogenotrophic and acetoclastic methanogens were found throughout the cropping period with varying abundance. Acetoclastic community was represented by Methanosaetaceae and Methanosarcinaceae which were less abundant in the early stage but gradually increased during the flowering and then decreased during the ripening stage of rice crop and were also detectable in the postharvest period.
Only five sequences of cultured members of methanogens were nearly identical to the sequenced OTUs of this study while remaining were related to uncultured methanogen sequences (Fig. 2) . Blast analysis showed that clone MG2 of the postharvest stage was closely related to Methanoculleus marisnigri (99%) and clone U2 of the ripening stage was related to Methanosaeta thermophilum (99%). MT4 of tillering and MG4 of postharvest stages, respectively, have shown 95% and 96% similarity with cultured Methanocella paludicola SANAE. Thus, it can be inferred that some methanogenic groups become dominant and some recessive during the five stages of cultivation, contributing to the variation of the methanogenic community throughout the cropping period.
In addition to methanogens, the genetically related nonmethanogenic groups belong to RC III, RC IV and Thermoplasmatales, in which RC IV-related clones are found in all vegetation stage samples, RC III in only flowering stage and Thermoplasmatales in flowering and ripening stage sample. The two representative clones, S5 of flowering stage and U5 of ripening stage, showed similarity (99%) with uncultured Thermoplasmatales belonging to deepest Phreatic sinkhole (Sahl et al., 2010) . The close relationship was found between clone U3 of ripening stage and uncultured clone of Taihu lake sediment sample (Ye et al., 2009) . The RC III, RC IV and Thermoplasmatales form deep lineage with methanogenic groups.
Methane production
The methane production range varied from 46.20 to 258.03 lg CH 4 g À1 dws in the year 2009, whereas in the following year, it varied between 51.43 and 263.79 lg CH 4 g À1 dws for the entire experimental period (Fig. 4) . Methane production was minimal in the preplantation stage and maximum in the flowering stage during the period of study. MANOVA indicated significant difference in methane production during sampling stages. Variation during the years was in-significant (Table 4 ). Tukey's HSD test suggested that methane production in the flowering stage differed significantly from all other stages except the ripening stage.
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Kinetics of methane production
According to Monod kinetics, the rate of formation of methane can be expressed as
Under the given situation (M) is small, (X) is nearly constant and
where
On integration Eqn (3) gives the first-order rate expression
where M is methane produced at t = t and M m is the maximum amount of methane produced. Thus, a plot of ln
vs. t will give a straight line with slope equal to K, the pseudo-first-order rate constant. The ln Table 5 .
Discussion Population size of bacteria, archaea and methanogens
Population size and distribution pattern of methanogens along with bacteria and archaea across different sampling stages in rice field have been quantified over the entire season of rice plant growth for two successive years to determine the composite effect on methane production. The present study has indicated that the bacterial population (9.60 9 10 9 -1.44 9 10 10 copies g À1 dws) and archaeal population (7.13 9 10 7 -3.02 9 10 8 copies g À1 dws) are expected to contribute to the methanogenesis indirectly. Substrates like H 2 /CO 2 , acetate and methanol, are essential for methanogenesis. The availability of these substrates depends on the presence of bacterial community other than methanogens such as hydrolytic and fermenting, H 2 -producing and homoacetogenic bacteria which are involved in the decomposition of complex organic materials (Conrad, 2007) . Population size of methanogens varied from 3.40 9 10 6 to 1.36 9 10 7 copies g À1 dws during the entire experimental period of Chinese (Hou et al., 2000) , up to 10 6 MPN g À1 dry soil
in Indian (Kumarswamy et al., 2001) and from 10 7 to 10 8 copies g À1 dws, in Italian (Conrad & Klose, 2006) rice fields, treated with organic manure or rice straw. The values reported for Indian rice field are comparable with those observed in the present study. The observed variations are due to difference in soil type, climatic conditions and rice cultivation practices, etc. It has been further revealed that the methanogenic population size varies as per the following order: flowering > ripening > tillering > postharvest > preplantation stage. These results are similar to those of Kaku et al. (1996) , Inubushi et al. (2001) and Min et al. (2002) who have reported that methanogenic population increases till heading stage of rice plant and thereafter declines towards the end of the season. However, a 16S rRNA gene-DGGE-based analysis showed a constant methanogenic population size throughout the year . This could be correlated with the higher root exudates being released during the flowering stage compared to other vegetation stages (Aulakh et al., 2001) . It is known that such conditions favour growth of methanogens. The plant biomass was also high during flowering stage followed by ripening and tillering stages (Table 3) . Other probable reason for higher methanogenic population during flowering stage could be relatively higher NH (Palmer & Reeve, 1993) . Positive correlations between soil N and number of methanogens for a range of wetland soils indicate a more general form of N-limitation of methanogens and indicate that addition of mineral nitrogen enables the methanogens to switch from the energetically costly nitrogen fixation to one requiring less energy and use the extra energy for growth (Bodelier, 2011; Liu et al., 2011) . Comparatively higher temperature up to the flowering stage (till late August) may also be another factor responsible for increased population size of methanogens (Chin & Conrad, 1995) during this stage.
The variation in microbial population is likely to be there throughout the rice growth stages owing to the changes in the substrate composition of soil during maturation of organic fertilizers and subsequent difference in the community composition (Thummes et al., 2007) . Weber et al. (2001) reported that microbial cells numbers (archaea and bacteria) varied during the sample analyses on different days. Watanabe et al. (2010) did not take into account the seasonal changes in bacterial and archaeal populations and found a highly stable community structure throughout the year. In the present study, the bacterial population had almost a constant range throughout the experimental period, which agrees with the findings of Kikuchi et al. (2007) .
Methanogenic community structure
It is known that the analysis at DNA level only provides the information about the existence of methanogens rather than their activity. Therefore, it is more useful to analyse the target microorganisms at both RNA and DNA levels, especially for the functional process such as methanogenesis using the transcriptional analysis of mcrA gene (Ma et al., 2012) . In the present study, we have used methanogenic archaeal 16S rRNA gene for assessing methanogenic diversity as used in previous studies (Watanabe et al., 2006; Liu et al., 2011) . Chin et al. (2004) , however, have reported that methanogenic community structures observed using 16S rRNA and mcrA genes were mostly consistent. Therefore, collection and analysis of sequences from 16S rRNA gene clone library is also useful in knowing the community structure.
It is clear from Figs 2 and 3 that representative genera of both physiological groups of methanogens, hydrogenotrophic and acetoclastic, are present in different proportions in rice soils amended with organic fertilizer. The observed methanogenic diversity is comparable with that observed for Philippines , Italian (Conrad & Klose, 2006) , Chinese (Peng et al., 2008) and Japanese (Sugano et al., 2005; Watanabe et al., 2010) rice-field soils. Although climatic conditions, soil type and fertilizer application practices might differ, the general rice cultivation pattern is almost similar owing to the prevalence of anaerobicity during most of the cropping period.
The hydrogenotrophic methanogen-related clones represented by Methanomicrobiaceae and RC I are found in both vegetation and nonvegetation stages of rice cultivation. The presence of both groups depends on the . The relative abundance of RC I group compared to Methanomicrobiaceae in preplantation stage has been observed probably due to the detoxification ability of highly reactive oxygen species and their preferential activity at low H 2 concentration. The precursors for the synthesis of methane, H 2 and CO 2 , being made available by the decomposition of rice roots, get utilized by the members of the Methanomicrobiaceae family (Lehmann-Richter et al., 1999) in vegetation stages. The RC I has been found to play a key role in CH 4 production in rice rhizosphere from the plantderived carbon (Lu & Conrad, 2005) . Kruger et al. (2005) reported the prevalence of RC I and Methanobacteriaceae in Italian and Sugano et al. (2005) that of Methanomicrobiaceae in Japanese rice fields. Among acetoclastic group, Methanosarcina spp. were found in all stages except the preplantation stage, while Methanosaeta spp. are restricted only to flowering and ripening stages (Fig. 3) . Members of Methanosarcinaceae group prefer high acetate level and, therefore, dominate during vegetation stages owing to increase in the concentration of acetate. It has already been shown that high concentration of acetate and low energy input are needed to produce methane in the soil (Jetten et al., 1992) . In addition, Methanosarcina spp. can also use a variety of substrates such as H 2 /CO 2 , methanol, trimethylamines as energy source and can be easily acclimatized in differing ecological niches as compared to Methanosaeta spp., which can only utilize acetate.
Presence of only members of RCI, Methanomicrobiaceae and Methanosarcinaceae in the postharvest stage indicates that methanogenic community structure changes with the conditions of rice field over the season. The methanogenic community remaining in the field following rice harvest possibly represents the reservoir of the methanogenic community for the crop that follows. According to Joulian et al. (1996) , methanogens remain viable in dry oxic soil of fallow period after the crop harvest. Further, on the basis of their recent DNA-SIP based study, Watanabe et al. (2011) have suggested that methanogenic archaea survive in unflooded soil and participate in carbon cycling.
In comparison with nonvegetation stages, vegetation ones have more diverse methanogenic groups. It is probably due to the presence of decomposed organic substrates along with plant root exudates secreted efficiently by rice plant up to the flowering stage which provide sufficient amount of substrate for the complexity of methanogenic community to prevail (Aulakh et al., 2001) . Furthermore, the presence of organic matter in the soil not only assures the availability of required substrates but also for the presence of anaerobic condition through the consumption of dissolved oxygen by soil microorganisms to decompose organic matter (Doi et al., 2010) .
The presence of Methanoculleus-related genus of family Methanomicrobiaceae was detected in this study (Fig. 2) . Gattinger et al. (2007) also made similar observations with compost. Thus, it is possible to conclude that the observed diversity in the studied fields is because of the application of additional source in the form of organic manure.
In this study, clones related to the members of RC III and RC IV have also been detected which are considered nonmethanogenic (Großkopf et al., 1998) . Thummes et al. (2007) have reported the presence of these clusters in compost. These clusters were also detected in other rice-field soils Watanabe et al., 2006; Peng et al., 2008) . Diversity of archaea increases with the frequency of flooding in rice field, and the members of RC III and RC IV are found in permanently flooded soil (Kemnitz et al., 2004) . This is in agreement with the results of present study. The presence of RC III may be linked to its dependence on products of decomposition of applied organic manure by decomposers . In this way, compost-treated soil seems to be favourable for these groups also. Thermoplasmatales which had been previously reported in marine picoplankton (Futhrman & Davis, 1997) , sediment communities (Hinrichs et al., 1999) , anoxic water columns of lake (Cytryn et al., 2000) , etc., have been exclusively found in the samples analysed in the present study. This indicates that tropical rice fields are the suitable niche for diverse communities irrespective of differing environmental conditions.
Methane production potential of soils
The cumulative methane production varied between 46.20 and 263.79 lg CH 4 g À1 dws during the 2 years of study. It has been mentioned earlier that previous studies on CH 4 production in soil with amendments like rice straw or organic fertilizers have reported a range of CH 4 production potential (Table 1) . As depicted in Fig. 4 , the methane production potential of soil varied during different sampling stages in the order: flowering > ripening > tillering > postharvest > preplantation stage. Lower methane production during preplantation and postharvest stages may be due to the long lag phase required for the process of methanogenesis during these stages when no flooding is there. The flooding condition during tillering, flowering and ripening stages facilitates the recovery of methanogenesis quickly (Jerman et al., 2009 ) and leads to a rapid increase in CH 4 production rate. Variation in methane production may be due to changes in methanogenic population size, community structure, NH þ 4 -N concentration and plant biomass. The amounts of methane produced positively correlates with the population size of methanogens in the years 2009 (R 2 = 0.92; P = 0.010) and 2010 (R 2 = 0.88; P = 0.018). Although, the nitrogenous fertilizer was never applied to the field selected for the study, however, the accumulation of NH þ 4 -N is quite possible in paddy field soil because of the transformation of organic nitrogen to NH þ 4 -N (Savant & DeDatta, 1981) . Further, the cow urine, supplemented during the crop cultivation, might have also contributed to higher NH þ 4 -N level in the soil. Relationship between N-fertilization and methanogenesis is rather complex, and the available published information is often contradictory (Le Mer & Roger, 2001 ). Lovell & Jarvis (1996) reported that addition of urine increased the emission of CH 4 because of increase in soil pH and ammonia concentration resulting in the solubilization of organic C and an increased availability of C-substrates for methanogenesis. Kruger & Frenzel (2003) reported increased CH 4 production rate (control: 0.12 nmol g dw h
À1
; fertilized: 0.23-11.6 nmol g dw h
) on the basis of their stable carbon isotope data for urea treated paddy soil microcosm-based study and attributed it to the enhanced consumption of CH 4 by methanotrophic bacteria. An analysis of nitrogen-methane interaction was performed for upland and wet land soil by Liu & Greaver (2009) that indicated an increased CH 4 emission of up to 95% owing to nitrogen enrichment. Bodelier (2011) concluded that N-enrichment of ecosystems in general would lead to enhanced methane emission owing to the lowering of consumption and increase in production. Hence, it may be inferred that the availability of N can lead to higher methane production owing to the removal of Nlimitation.
From Fig. 5 and Table 5 , it is evident that for both the years of study, the rate constant K increases continuously from preplantation to flowering stages, reaches to a maximum value and then decreases during ripening and postharvest stages. The increase during preflowering stages is steeper than the decrease during postflowering stages. From Fig. 1 , it is clear that the methanogenic population density increases to a maximum during preflowering to the flowering stages and thereafter decreases. So is the case with archaeal and bacterial population densities. A comparison of Table 5 and Fig. 1 shows that the observed variations in K values for various stages of rice cultivation during years 2009 and 2010 are in accordance with the variation in CH 4 -producing species during the corresponding stages. Owing to its simplified nature, the kinetic model used here is capable of giving only a gross picture of the methane production in a compost-treated rice field.
Although it is difficult to correlate directly the diversity of methanogens with methane production capability of soil, however, from Fig. 3 , it is clear that flowering and ripening stages comprise diverse groups of methanogens with higher relative abundance of acetoclastic species compared with other stages, resulting in the probability of higher methane production during these stages. It has been shown that at least two-thirds of the total methanogenesis is through acetotrophic pathway of acetate-utilizing methanogens (Conrad, 2007) .
The overall methanogenic diversity in compost-treated soil at group level was similar to that observed in our earlier N-fertilizer-based study (Singh & Dubey, 2012) , although the members have varied. Such a variation is quite obvious as the source of substrates and their availability differ in both fields. Methane production potential was also observed to be slightly higher in a compost-treated rice field.
Conclusion
It has been observed that organic farming-based rice cultivation provides suitable ecological niche for the growth and multiplication of methanogenic community, which exists in considerable proportion in terms of diversity and density. Rice plant supports the methanogenic diversity. Change in methane production during various stages of crop cultivation is because of the variation in activity and density of methanogenic community, plant biomass and NH þ 4 -N concentration. The values of specific rate constants for CH 4 production also support this. It is hoped that the information obtained from studies on methanogenic community and methanogenesis during different growth stages of rice under organic farming can provide useful insights into methane emission from compost-treated tropical rice fields.
